This paper provides a detailed description and assessment of
Introduction
The IPCC's Fourth Assessment Report warns that unabated carbon emissions will create a global environmental catastrophe, but political leaders remain deadlocked about which countries should limit emissions, and how much. At the same time, millions of concerned global citizens in developed and developing countries want to make their voices heard as consumers, investors, employees, voters and community activists. All they need is timely, accurate information about the sources of carbon emissions. We built CARMA (Carbon Monitoring for Action -www.carma.org) as a first step toward meeting that need.
CARMA focuses on the power sector because it is the largest carbon dioxide emitter (26% of the global total), and because power plants are much better-documented than many sources of carbon emissions. With resources provided by our independent think tank, the Center for Global Development, we have built a database and website that put anyone with web access a few keystrokes away from detailed knowledge about power plants and the companies that own and operate them. CARMA includes many aggregation tools, so it can be used for local, regional, national and international comparisons. The database also offers complete information about power plants and companies which do not emit carbon because they use non-fossil energy sources (nuclear, hydro, solar, wind, biofuels, geothermal, etc.) .
While CARMA is primarily a tool for citizen action, it also begins laying the groundwork for the global regulation of greenhouse emissions that may be necessary for our common survival. Most proposals for regulation advocate cap-and-trade or emissions charge systems that share three features: They are global in scope, they depend on information about emissions from each polluter, and they are transparent to ensure credibility. CARMA offers all three features for the power sector, in order to provide a first model for the information systems that will accompany global regulation. CARMA is as comprehensive as we can make it, covering over 50,000 power plants, 20,000 companies and 200,000 locales. 1 The online database discloses publicly-reported or estimated current emissions, emissions in 2000, and future emissions from published capacity expansion plans. It provides quarterly updates, as well as tools for ranking and comparing power facilities, power companies, and geographic areas (countries, states/provinces, cities and, in the US, counties, congressional districts and zip codes).
For the thousands of plants and companies that have yet to report their emissions publicly, CARMA estimates emissions using methods that we will discuss in the following section. It also invites non-reporting facilities and companies to submit audited emissions reports for publication.
CARMA has ample precedents: Plant-level carbon dioxide emissions for mediumsize and large power facilities are disclosed online by the US, EU, Canada and India.
Where such reports are available, we integrate them into CARMA. Two NGO initiatives --The Carbon Disclosure Project and The Global Reporting Initiative -have established guidelines and facilities for voluntary emissions disclosure by major emitters, mainly at the firm level. The closest precedent is an international database maintained by the International Energy Agency (IEA), which provides estimated CO2 emissions from about 5,000 power facilities worldwide. However, this database is only sporadically updated and it is available only in spreadsheet format.
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If all the emissions numbers in CARMA were UN-certified and political leaders were in agreement, global regulation of the power sector could begin immediately.
CARMA obviously meets neither condition, but we hope that it does convey a simple, powerful message: If a small team at the Center for Global Development can come this far in a year of development, surely the global community can muster the resources to develop a system that qualifies for UN certification.
How far have we come? This paper attempts to provide the answer, with a description of the methodology we have employed so far, an assessment of its weaknesses, and an evaluation of its predictive accuracy. The remainder of the paper is organized as follows. In Section 2, we describe CARMA's approach to estimating the emissions of power plants worldwide. Section 3 provides a critical analysis of the estimation methodology, while Section 4 tests its accuracy at various levels of geographic aggregation. Section 5 includes detailed treatments of CARMA's aggregation tools and power industry coverage. In Section 6, we provide a summary and conclusions.
Building the CARMA Database
CARMA draws on three primary data sources: Plant-level public emissions reports from the US, EU, Canada and India; 3 global plant-and company-level data from the World Electric Power Plants Database (WEPP), a subscription information service 4 , and country-level power production data from the US Energy Information Agency. 5 We combine these databases to produce plant-level reports of CO2 emitted (in short tons), energy produced (MWh), and emissions intensity (CO2/MWh). Our approach merges public disclosure and WEPP data at the plant level, and this requires information-based matching because the two databases do not use the same identification codes for plants.
We perform the match on plant names and locations, using a fuzzy-logic algorithm suggested by our CGD colleague, David Roodman. 6 We supplement the results with visual inspection, using information from the public and WEPP databases on plant names, locations and operational scale. Although this process has been quite timeconsuming, we have undoubtedly missed some plants in the matching exercise. because they use nuclear, hydro or other renewable energy, and 2,922 have publiclyreported CO2 emissions. We estimate emissions for the remaining 22,417 facilities using a regression analysis of our matched sample of 2,469 CO2-emitting facilities in the US.
For plant-level power production, the public data sources enable us to account for 4,071
facilities (3,869 in the US, 202 in India). We estimate power production for the remaining 47,302 facilities, as described below.
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The need to estimate power production for so many plants is the weakest link in CARMA. From the WEPP database, we have accurate and up-to-date plant-level information on operational capacity, technology and energy sources (WEPP is updated quarterly). However, this database provides no information on the capacity factor -the annual percentage of potential operating hours during which the plant actually produces power. A plant's capacity factor is significantly affected by its scale, technology and energy sources. For any plant, however, the capacity factor can vary greatly from year to year as supply/demand conditions change and necessary maintenance is performed.
Our inability to observe locally-determined capacity factors for so many plants introduces significant random errors into our CARMA estimates, as we will show in the following section. However, we do have an important control for country-level elements 7 For a detailed discussions of regression results and variables, see Appendix A.
6 that can also affect capacity factors: economic conditions that affect the general demand for power, and distinctive features of the public/private power mix. For example, several countries in Eastern Europe have lower-than-normal capacity factors because they are still adjusting from the era of central planning,
Combining plant-and country-level information sources, we use a five-step procedure to estimate power production: (1). Estimate plant-level capacity factors using a regression analysis of matched data for facilities in the US; (2). Multiply estimated capacity factors by operational plant capacities reported by the WEPP database; (3) Combine estimated and publicly-reported plant-level power to obtain total power production by energy source for each country in CARMA; (4) For each energy source (e.g. fossil, hydro, other renewables), divide this total by the corresponding total from the US Energy Information Agency to obtain an adjustment factor; (5) For each country and energy source, multiply each estimated plant-level power output by the relevant adjustment factor (publicly-reported power outputs are not adjusted).
For each plant in CARMA, we divide CO2 emissions by power production to obtain emissions intensity. From the 3,869 matched observations for the US, we develop sample statistics for emissions intensities for small, medium and large power plants. We use these statistics to set upper and lower limits for plausible emissions intensities, and trim outliers to the limits for each size class. For the trimmed cases, we have to adjust the original numbers for total emissions and total power produced. We re-estimate emissions from power using trimmed intensities when both emissions and power are estimated, and re-estimate power from emissions when only emissions are reported. 
Estimation Assessment
Our estimates are built on two core regressions, fitted to large datasets that match plant-level information from the US EPA's eGRID database and the WEPP database.
The two dependent variables for our analysis -emissions and power -are drawn from eGRID, and the independent variables from WEPP. Our global estimation exercise requires this approach, since we only have WEPP data for estimation outside of the US, and many US power plants covered by the WEPP database are not covered by eGRID.
The WEPP data are provided at the generator level, so we aggregate to the plant level for matching with eGRID. Once we have estimated the two core regressions using the matched data, we apply the estimated parameters to WEPP data for plants whose emissions and power production are not reported.
Emissions Estimation
For the emissions model, we regress CO2 emissions on power produced, and capacity shares for fuel sources and detailed combustion technologies (e.g., gas turbine in combined-cycle; internal combustion engine with heat recovery; steam turbine with steam sendout). 9 Appendix Table A3 reports the regression results. We obtain high significance levels for power produced, fuel sources, and a subset of combustion technologies. Figure 1 plots actual and predicted values for plant-level CO2 emissions.
The overall regression fit for 2,166 observations is excellent, with an adjusted R 2 of .96
and a regression F-statistic that is significant at the .0001 level. Our results reflect normal differences in emissions intensity for coal, oil and gas, and the highly-significant emissions elasticity of power production suggests an important scale economy -emissions increase .916% with each 1% increase in power production, controlling for other variables. Figure 1 indicates that the quality of the fit is equally good for small and large facilities. In the middle ranges there are some outlier predictions, but the great majority are near the regression line.
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In summary, our large-sample results indicate that knowledge of a US facility's power production, fuel source and combustion technology is sufficient to predict its CO2 emissions with about 96% accuracy. 
The Role of Variable Capacity Factors
Unfortunately, our emissions regression result is an upper bound on CARMA's accuracy because we do not have power production data for most plants outside the United States. A plant's power production in megawatt-hours (MWh) is the product of its capacity factor (% of potential capacity actually employed), its capacity (MW), and its potential operating hours per year (generally 8,760(=24*365)). We have the operational capacity of each plant in the CARMA database, but we only have capacity factors for a subset of plants in the matched public data for the US and India (overwhelmingly the former).
This gap is undoubtedly the weakest link in the CARMA estimation chain. To convey a sense of the variability in capacity factors, we match power plant data for 2000 and 2004 using common identification numbers in the US EPA's eGRID database. 12 We control for interim changes by restricting the matched set to plants whose capacities in 10 Figure 1 is in log format, so the approximately-constant deviations from the regression line across size classes also imply roughly-constant percentage deviations.
11 In large part, we attribute the high R 2 to the straightforward chemical relationship between fuel combustion and CO2 emissions. Once fuel sources and power outputs are specified, most of the remaining variation in CO2 emissions across plants comes from variations in energy efficiency. Our results suggest that our controls for combustion technologies are sufficient to capture most of this variation in efficiency. Our thanks to our colleague David Roodman for his comments on this issue. For CARMA, this variation in capacity factors identifies an important limit to estimation accuracy. At the same time, it highlights what CARMA is actually trying to measure. CARMA's plant-level emissions and power reports are best understood as long-run average estimates for these variables under standard operating conditions for plants with the same capacity, combustion technology, energy sources and countryspecific circumstances. Even if power information for a particular year were available, actual emissions would be estimated with some error. This error is significantly compounded when the power estimate depends on a capacity-factor estimate that is itself subject to large error. 13 The regression R 2 is .73, which indicates that about 25% of the interplant differences in 2004 capacity factors cannot be explained by their differences in 2000.
Capacity Factor Estimation
For the capacity-factor model, we regress capacity factors in our matched US sample of fossil-fuel-fired plants on plant capacity (multiplied by 8760 to obtain potential annual production), the average age of generators in the plant, the percent of generator capacity on standby (as opposed to operational) status, and capacity shares for combustion technologies and fuels. Appendix Table A3 reports the regression results.
For 2,296 observations; the adjusted regression R 2 is .52. We find that the capacity factor increases significantly with plant scale and average generator age, decreases significantly as the share of capacity on standby increases, and varies significantly across technologies and fuel types. We have limited estimation to observed capacity factors between 0 and 1.
For renewable energy plants, we find that capacity factors are not sensitive to scale, age and standby status. We therefore use average capacity factors by energy source from the US renewable plant data, and adjust these for other countries using the EIA data.
Backcasting and Forecasting
Given the great year-to-year variability in capacity factors, we cannot realistically expect highly-accurate estimation of plant-level CO2 emissions without current information on power output. In any case, it is not clear to us that yearly point estimates actually convey the most useful information for CARMA users . To illustrate, consider the case of a large coal-fired facility that takes half its generators offline in a particular year, for reasons related to long-run maintenance and local economic fluctuations.
During this year, the plant has emissions far lower than its capacity, technology and energy source would imply. But in subsequent years, the plant will bring its generators back online and greatly increase its emissions. CARMA is designed for a variety of users who are concerned about carbon emissions, including investors, journalists, local community leaders, educators, NGO's and researchers. In most cases, we believe that these users are interested in a plant's emissions under standard conditions, not yearly point estimates that may reflect transient factors.
We follow the same logic in our approach to forecasting and backcasting. Projecting time trends for publicly-disclosed facilities requires a different approach.
The public data for Canada, the EU and India are quite recent, so we take their online 14 We backcast to the year 2000 in order to provide consistent information on recent trends. (identical to the online observations for the EU, Canada and India) and 10 years hence.
From the benchmark-year estimates, we calculate the ratio of estimated to reported power and emissions for each plant. plant engineers or government technicians), we do not expect our backcasts to accurately match any public reports available for the same plants in the year 2000. We could have adopted another approach for CARMA, transcribing past reports as well as current reports in our online database. We considered this option, but decided that the standardized approach would be more informative for CARMA's users. We continue to think about alternatives, however, and we may opt for transcription if it seems warranted by user requests and our own continued reflection on this problem.
Estimation Accuracy
CARMA uses regression models fitted to plant-level variables in a large US dataset.
Using the regression parameters and WEPP data, we estimate emissions and power capacity for plants from very detailed information about their capacity, generator age, combustion technology and energy sources. The remaining random error may be large from plant to plant, as we have previously noted, but we would expect these errors to balance as we aggregate from plants to broader geographic units. We test these propositions in several ways. First, at the plant level, we compare CARMA-estimated emissions with observed emissions from matched plants in India, China, the EU and Canada. Then we perform aggregation tests using available benchmarks at three scales:
across countries, US states and US counties.
Matched-Plant Comparisons
Figures 5-7 provide comparative information on observed emissions from power plants in India, China, the EU and Canada. In each case, the figure displays the values of CARMA estimates and observed emissions for matched plants. 16 In the Chinese case, the large relative errors are more clustered near the center of the size distribution. In all three cases the fit is quite good for the largest plants, with the exception of a few large negative outliers whose capacity factors are far below normal levels for power plants with their characteristics.
Cross-Country Accuracy
The 15 In all cases, it is important to note that reported plant-level emissions are generally calculated by multiplying fuel consumption by standard engineering parameters. 16 The median percent difference between actual and predicted values for all sample plants is 8.2% for India and 31.3% for EU/Canada. 17 Both datasets include information for both electricity and heat -WRI explicitly, and CARMA because it includes emissions from combined heat and power plants.
Per our expectation, the random plant-level errors balance almost exactly at the country aggregation level. 
Cross-State Accuracy in the US
For this test, we use data from matched plants for CARMA and the US EPA's eGRID system for 2004. We estimate CO2 emissions for those plants using the full CARMA methodology (capacity utilization and emissions both estimated from the regression models). In the matched dataset, we compute state totals from the CARMA estimates and the eGRID emissions reports. Then we regress the eGRID total on the CARMA total for all 51 states. We obtain a highly-significant regression coefficient of .995 (t-statistic 22.6) and an adjusted R 2 of .91. Figure 9 displays the same information in a scatter diagram, which indicates that random plant-level errors balance very well at the state level.
Cross-County Accuracy in the US
For this test, we again use data from matched plants for CARMA and the US EPA's eGRID system for 2004. We compute county totals from the CARMA estimates and the eGRID emissions reports. Then we regress the eGRID total on the CARMA total for counties with more than 5 power plants. For those 27 counties, we obtain a highlysignificant regression coefficient of 1.06 (t-statistic 6.87) and an adjusted R 2 of .64. Figure 10 displays the same information in a scatter diagram, which indicates that random errors balance well for smaller geographic aggregates that have more than a few power plants. 18 Our calculation of country energy adjustment factors (Section 2) is important in this context. These adjustment factors bring CARMA's country-level power totals into line with US EIA totals. The power adjustment also affects country-level emissions totals, bringing them into closer alignment with the WRI totals.
Constructing CARMA's Geographic and Corporate Components
Following the development of plant-level emissions estimates, we added and refined the available data to construct the geographic and corporate totals found in CARMA. On the geographic side, in particular, this exercise resulted in a considerable extension of existing public information on the location of power plants worldwide. In the following sections, we describe that process and add some caveats about the data.
Assigning Geographic Information to Individual Plants
Almost all of the power plants listed in the U.S. EPA's eGRID database are assigned geographic coordinates (i.e., latitude and longitude), as are many plants listed in similar European public disclosure databases. We have used such data whenever possible to geolocate the plants in CARMA. These sources provide initial coverage for about 36% of power plants worldwide and 91% of plants in the U.S.
More general geographic data are provided by the WEPP database, including the country where a plant is located (for 100% of plants), state/province (~75%), and city (~70%). More refined, plant-specific spatial data can be purchased from private sources, but because of their proprietary restrictions and CARMA's open-source nature, we chose to extend the geographic coverage ourselves using only publicly-available data.
Our primary goal in extending plant-level geographic data was not to provide precise geographic coordinates for local-scale mapping, but, instead, to allow for regional-and global-scale mapping to reveal broad patterns in the spatial distribution of plants. For this purpose, the data provided by the WEPP database were often sufficient to identify the geographic coordinates of the city where a plant is located.
This was done by employing the "fuzzy match" algorithm suggested by our colleague Once these data were sufficiently cleaned, the algorithm was used to identify plants with a potential match on the city, region, and country fields of both datasets. Out of the candidate matches, the best-matched as determined by the fuzzy match algorithm were selected and, from that group, only unique matches were retained. The latitude and longitude of the matched city were then assigned to the associated plant(s). In cases where the WEPP data contained city but not state/province information (about 15% of all plants), a match process was carried out on only the city and country fields. Again, only unique matches were retained for reasons of quality assurance. In these cases, the matching process allowed us to identify previously-missing state/province data, thereby extending not just the coordinate coverage but also the more general geographic information.
The overall quality of the matching process depends, in part, on how tightly or loosely the algorithm is set. 20 We experimented with different thresholds, finally settling on a tiered approach that requires a perfect match on the country name, looser for the state/province field, and looser still for city name. In practice, however, the primary quality-assurance mechanism is the unique match requirement, which effectively eliminates any cases of obvious ambiguity.
In the initial public release of CARMA, the fuzzy match process resulted in the inclusion of city-center geographic coordinates for more than 12,000 plants and added additional state/province information for about 4,000 of those. All told, CARMA's first incarnation contained geographic coordinates for about 60% of all power plants, representing about 80% of all power production and 90% of all power sector CO2
emissions.
Note that because of the common assignment of city-center geographic coordinates rather than plant-specific locations, some plants in CARMA share the same latitude and longitude. This also means that plants formally located in sprawling cities may actually be quite distant from the assigned coordinates. This is not a problem when plotting plants at the regional or global level, but can lead to misplaced accuracy at higher resolution.
That said, for larger plants the approximate coordinates can often lead to identification of the actual plant location via CARMA's Google Maps capabilities, as we have discussed online (http://carma.org/blog/the-eye-in-the-sky-carma-identifies-plants-from-above/).
CARMA's quarterly updates provide an opportunity to extend the reach and quality of the database's geographic information over time. As new plants are brought into operation and additional plants are proposed for future construction, we will update the locational information. It should be noted that CARMA's global coordinate mapping of proposed plants is, to our knowledge, unavailable anywhere else.
Calculating Total Emissions for Geographic Entities
The term "geographic entity" refers to continents, countries, states/provinces, cities, metro areas, counties, and congressional districts (the latter three are U.S. only). For each of these entities, we calculate and publish online the total emissions, power production, and carbon intensity of all plants physically located within its borders. For continents, countries, and states/provinces, this process needs no explanation. For metro areas, counties, and congressional districts within the U.S., we use plant-level zip code data from the WEPP provider to assign plants to the appropriate entity. From there we simply aggregate.
Cities are treated differently. Our primary objective in including city-specific totals was to facilitate the use of CARMA in the identification of emission sources in one's local area. In this spirit, we calculate city totals as the sum of all plants within a 15-mile (~24-km) radius of the city center. This aggregation relies upon the geographic coordinate assignment process detailed in the preceding section. The initial public release of CARMA included entries for more than 26,000 cities worldwide. Subsequent revisions of the data have extended this number to nearly 190,000.
It is obvious -but perhaps important to emphasize -that the geographic totals in CARMA do not measure emissions related to the consumption of people within a region. Despite the considerable extension of plant-specific geographic information as a result of the CARMA project, coverage is still not complete. The published totals may, in some cases, underestimate actual totals for geographic entities smaller than continents or countries, where geographic information for the relevant plants may be unavailable. In total, however, emissions assigned to states/provinces constitute more than 95% of total emissions from the global power sector. These figures are calculated from a revision of the CARMA data made subsequent to the initial public launch, but it does not differ much from the original version.
Country-Specific Geographic Information Coverage

Treatment of Company Totals and Corporate Hierarchies
For the purpose of compiling aggregate data on companies represented in CARMA, it is helpful to distinguish internally between "operators" -companies that control the dayto-day operations of plants -and "parent" companies that ultimately own operators.
While every plant has an operating company, not all have an associated parent company.
These data, including information on the headquarters countries of companies, are part of the information provided by the WEPP database. Its supplier monitors the global power sector to keep track of constantly-changing and increasingly-complex ownership hierarchies.
We simply aggregate emissions, power, and intensity data for all companies. In most cases, this is a straightforward process and one easily interpreted on the CARMA site.
The only area of potential confusion is the inclusion of companies that are both operators and parents. For example, AES Corp. both owns plants through subsidiaries and operates plants itself. In the original version of CARMA, we effectively treated AES Corp.
(operator) as distinct from AES Corp. (parent). In subsequent versions, we have collapsed the data for simplicity. In this approach, the totals presented for a given company name will always represent the highest aggregated totals (i.e. the "parent" totals in the original approach).
Summary and Conclusions
In this paper, we have provided a description of CARMA's methodology, an assessment of its strengths and weaknesses, and some tests of its accuracy across countries and at different geographical scales. Although it is clear that CARMA performs well, we recognize that neither CARMA nor any other carbon emissions database will ever be perfect. Our operating philosophy is maximum possible transparency, with a standing offer to all power plants and power companies in our database: We have done our best to represent their emissions fairly and accurately, but they can immediately improve our estimates if they think revisions are warranted. All they have to do is provide us with third-party-verified data on their CO2 emissions and power generation, or the types and quantities of fuels consumed if they do not have emissions data. We can do the rest with standard engineering parameters.
Although we make no pretense of perfection, we want to assure the concerned global citizens who visit CARMA that they have the best information we can provide.
We will constantly update our database, improve our methodology, and rapidly post revised information. We encourage any company listed in CARMA to provide us with better data if they dispute our estimates. We will be happy to incorporate corrections right away, under two conditions: (1) The company provides the information for all of its plants; (2) All the data are vetted by an independent auditor with recognized competence.
We hope that many companies will come forward, particularly those whose plantlevel emissions are not disclosed by government-operated public disclosure sites (we use that information already). Since global regulation will ultimately happen anyway, why not get ahead of the process? If such audited disclosure becomes universal, we will have the database we need for global regulation of carbon emissions from the power sector. At that point (or much sooner, if asked), we will be happy to turn CARMA over to the international agency that has been delegated the task of regulating carbon emissions. 
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Appendix A
The core regression models for CARMA estimation are based on observations of capacity factors and CO2 emissions for over 2,000 small, medium and large power plants in the US. As we note in the paper, the regression models are fitted to information from the WEPP database on fuels, capacity, equipment age, and detailed specifications of combustion technologies. Table A3 reports regression results for capacity factors and CO2 emissions. The overall fit for the CO2 emissions regression with 2,166 observations is very good, with an R 2 of .96. Random variation in capacity factors, which we discuss in the paper, produces a significantly lower R 2 (.53) for 2,296 observations.
Fuels
We aggregate the fuels detailed in Table A1 into six categories: coal, gas, oil, other gases, other liquids and other solids. WEPP data are provided at the generator level; we use capacity-weighted shares for the six fuel categories, dividing coal into supercritical and subcritical (we exclude other solids to prevent perfect collinearity; the result for this variable is absorbed in the regression constant). In both regressions, fuel shares have generally high levels of significance. The results are in line with our prior expectations: Capacity factors are largest for supercritical coal, ceteris paribus, followed by subcritical coal, other gases, other liquids, gas and oil. CO2 emissions intensities are highest for subcritical coal, followed by supercritical coal, other liquids, oil, gas, and other gases.
Scale
Both scale-related variables are highly significant. Capacity factors increase with potential power (based on plant capacity). The CO2 emissions regression reveals significant scale economies (CO2 emissions and power produced are in log form): Emissions increase .917% for each 1% increase in power produced, ceteris paribus. We also interact fuels with log power produced for all fuel groups, and find significance only for interactions with gas and other gases.
Vintage
We calculate weighted average generator age using dates of installation and generator capacities in each plant. Capacity factors are positively and significantly related to average generator age. This variable is not significant in the emissions equation Table A3 . The core regressions for CARMA include only these significant variables. 
Combustion Technologies
